Background/Aims: The cardiorenal syndrome is a complication in patients hospitalized with chronic heart failure (CHF). The β 2 -microglobulin (b2M) level is an index of decreased glomerular filtration rate (GFR), tissue turnover and inflammation. It is an emerging new predictive marker of cardiovascular events and mortality, but its role as a biomarker of cardiorenal remodeling and failure is still unknown. TIMP1, an endogenous tissue inhibitor of activated matrix metalloproteinases, is a biomarker of heart remodeling and failure. We aimed to evaluate the circulating profile of b2M and TIMP1 in CHF patients, in sedentary controls with no tissue remodeling and in veteran athletes with physiological cardiorenal remodeling and athlete's heart (AH). Methods: We investigated the plasma levels of b2M and TIMP1 in 24 subjects with CHF without primitive renal disease, in 25 sedentary controls and in 30 veteran marathoners with AH over 50 years. Results: The b2M and TIMP1 levels were higher in CHF patients, and there was a correlation between them (r = 0.5287, p < 0.0095). The b2M level correlated with the severity of cardiorenal impairment: with proBNP (r = 0.66, p > 0.0007), percent ejection fraction (r = -0.56, p = 0.0162) and GFR (r = 0.83, p < 0.0001). b2M was also correlated with TIMP1 in AH subjects (r = 0.7548, p < 0.0001) but not in controls. This correlation was independent from GFR in both CHF patients and sedentary controls. Conclusions: In CHF patients, the plasma levels of b2M and TIMP1 were linked together and correlated with the severity of cardiorenal failure. Moreover, a strong correlation between b2M and TIMP1 characterized cardiovascular remodeling not only in CHF patients but also in AH subjects. These findings suggest that clinicians should use b2M and TIMP1 as associated biomarkers of cardiorenal remodeling and failure.
Introduction
Patients with heart failure often show impaired renal function, which is a predictor of poor outcome. Indeed, the chronic cardiorenal syndrome is common and has been reported in 63% of all patients hospitalized with congestive heart failure [1, 2] . The cardiorenal syndrome is now recognized as a pathophysiological condition, in which the combined cardiac and renal dysfunction amplifies the progression of failure of the individual organs [3, 4] . Atherosclerosis, renal vascular disease, diabetes mellitus and hypertension are significant precursors of both heart failure and renal failure. In clinical practice, specialists and general physicians always look for new plasma indices of cardiorenal remodeling, for a better stratification and management of the cardiorenal syndrome. β 2 -Microglobulin (b2M) represents a biomarker of remodeling and high tissue turnover, inflammation and decreased glomerular filtration rate (GFR) [5] [6] [7] . As a consequence of renal failure, the serum concentration of b2M can increase up to about the 60-fold normal value [8] . Oddly, clinical data concerning plasma concentrations of b2M and their relationship with diagnostic and prognostic indices of heart failure, such as the B-type natriuretic peptide (BNP) and its amino terminal cleavage fragment NT-proBNP, are still lacking in cardiorenal remodeling, even if b2M is emerging as new predictive marker of cardiovascular events and mortality [9] [10] [11] .
On the other hand, matrix metalloproteinases are the driving force behind myocardial matrix degradation during cardiac remodeling. Tissue inhibitors of matrix metalloproteinases (TIMP1, 2, 3 and 4) firmly regulate matrix metalloproteinase activity [12] , but they also display 'cytokine-like' properties that are just beginning to be fully characterized [13] . Plasma TIMP1 levels have been reported to be elevated in chronic pressure-overloaded human hearts and in heart failure, and its expression correlates with the degree of interstitial fibrosis [14] . To our knowledge, there is still a complete lack of clinical data and pathophysiological studies concerning the relationship between plasma concentrations of TIMP1 and b2M in the cardiorenal syndrome. In the present study, we investigated the plasma profile of b2M and its relationship not only with NT-proBNP, but also with TIMP1 in patients with chronic heart failure (CHF), choosing a group of veteran athletes with physiological heart remodeling (athlete's heart, AH) and a group of sedentary subjects with no cardiac remodeling as controls (CTL).
Subjects and Methods

Population Studied
We considered 3 groups of subjects: 24 CHF patients without primitive renal disease, 25 sedentary healthy CTL and 30 veteran marathoners with AH. The CHF patients were recruited from the University Medical Units of Azienda Ospedaliero-Universitaria Pisana (AOUP), Italy; all of them had had a steady clinical history for the preceding 3 months. Of the CHF patients, none was classified as NYHA class I, 10 as NYHA class II, 9 as NYHA class III and 5 as NYHA class IV (New York Heart Association functional classification system). Plasma samples were obtained during a regular periodic control. The veteran marathoners with AH were recruited from athletes who come voluntarily once a year to the Sport Unit of AOUP for a cardiological examination; all of them were eligible for competitive sport, with no electrocardiographic or echocardiographic signs of hypertrophic cardiomyopathy, diastolic or systolic dysfunction or arrhythmias. They had been training and competing continuously for at least 5 years and had a left ventricular (LV) mass >108 g/m 2 [15] . The marathoners had a training level of 60 km a week, for about 5 h, spread across 3 days. Every 15 days, they ran a half marathon. Almost once a year, they participated in a competitive marathon. Plasma samples were obtained 48 h after their most recent training session. None had been under any continuous medical treatment for the preceding 5 years. Sedentary CTL were recruited through primary care physicians.
Each subject in the 3 groups provided a medical history and underwent clinical examination: 12-lead electrocardiogram, 2D color Doppler echocardiography and abdominal echography. Chest radiography was performed in smokers and those with a professional risk or a family history of lung cancer.
All data were recorded in confidential clinical files. Fasting blood samples, obtained on the same day as the examinations, were used for the analyses of TIMP1 concentrations, b2M, NT-proBNP, C-reactive protein (CRP) and renal function indices. GFRs were estimated using the MDRD formula [16] . Subjects with evidence of neoplastic disease, acute or chronic inflammatory disease, renal and/or hepatic dysfunction or hemostatic disorder were excluded from the study.
Our study was carried out in accordance with the Declaration of Helsinki (2000) of the World Medical Association. The research protocol was reviewed and approved by the AOUP's Ethical Committee. All participants gave their written informed consent on the study procedure after the purposes had been explained to them.
Plasma TIMP1, b2M and NT-proBNP Measurements TIMP1 concentrations were measured in heparinized plasma. Each sample was immediately separated, stored at -70 ° C in multiple aliquots and thawed once (at the time of testing). TIMP1 was measured by a commercial ELISA kit (Biotrak; Amersham Bioscience). b2M was assayed using an automatic analyzer (AxSym; Abbott). NT-proBNP was assayed using Elecsys (Roche).
Echocardiography
Examinations were carried out by two trained echocardiographers, using a Sonos 5500 system with a 4-MHz transducer. A biplanar evaluation of the ejection fractions (EF) was carried out, and monodimensional measurements of the left diastolic and systolic diameters and the septal and parietal thicknesses were performed at the chordal level, just beneath the mitral valve leaflets, following the criteria of the American Society of Echocardiography [17] . The average value based on 3 consecutive measures was calculated (min.-max. variation: <5%). The LV mass was calculated according to the formula of Devereux et al. [18] and indexed on the basis of individually calculated body surface areas. For AH and CTL, echocardiographic data were obtained in a separate examination, subsequent to the visit when blood samples were taken.
Statistical Analysis
The statistical analysis was carried out using the statistical packages Instat 3 and Prism 5.0 (GraphPad Software Inc.). Comparisons of the various parameters between the groups were carried out using the Kruskall-Wallis test, since the data were not normally distributed in the 3 groups. The significance level was set at p < 0.05. Where significance was demonstrated, Mann-Whitney's test was performed between the groups. Correlations between the parameters under examination were determined by Spearman's r analysis. Multiple regression analysis was performed .
Results
Clinical and Serological Characteristics
A summary of the characteristics of the patients, athletes and CTL in the study is shown in table 1 . The various data are reported as medians. The same table contains the statistical results of the various comparison tests. Levels of b2M, TIMP1 and NT-proBNP were not significantly different between the healthy CTL and marathoners with AH; the same was observed for the estimated GFR and CRP. The latter was significantly lower in the marathoners with AH than in CHF patients, while there was no significant difference with CTL. In all 3 groups, the median CRP levels were lower than the reference value adopted to suggest an inflammatory disease.
The comparison of data from the CHF patients with those obtained from marathoners with AH and CTL showed important differences: plasma TIMP1 and NT-proBNP levels were higher in the CHF patients than in the athletes and CTL ( fig. 1 a, b) . Also, the estimated GFR was lower in the CHF patients than in athletes and CTL (p < 0.0001), while there was no significant difference between these 2 groups ( fig. 1 d) . The CRP values showed differences ( fig. 1 ) , with the median value in the CHF patients being higher than that of the athletes (p = 0.001). As shown in figure 2 , plasma b2M was significantly increased in the CHF patients compared with both the veteran marathoners (p < 0.0001) and CTL (p < 0.0001). Comparing the b2M values of patients in different NYHA classes, those of patients belonging to higher NYHA classes were significantly higher (p = 0.0188). The comparison test showed that the differences were significant between patients in class II and those in classes III and IV, while no significant differences were found between the values of patients in class III and those of patients in class IV ( fig. 3 ) .
The evaluation of the differences between GFR in the different NYHA classes demonstrated a significant difference between class II and IV (p = 0.0496; fig. 4 ).
Different results were found in the echocardiographic parameters between the CTL, marathoners with remodeled AH and CHF patients, as expected. All indices of hypertrophic remodeling showed no significant differences between the athletes and CHF patients, since they showed similar values; nevertheless, the LV mass index was slightly lower in the marathoners with AH than in CHF patients, but significantly higher in both groups compared to the values of the CTL group ( fig. 5 ). Differences between the CHF patients and the athletes were mainly limited to ventricular function: the mean value of percent EF was significantly lower in the CHF patients than in the athletes ( fig. 6 ).
Correlations
As in the CHF patients (r = 0.5287, p < 0.0095), the athletes' b2M levels showed a strong positive correlation with the TIMP1 levels (r = 0.7548, p < 0.0001), while this relationship was not seen in the sedentary CTL. In the CHF patients, b2M was also positively correlated with NT-proBNP, and it was negatively correlated with GFR and EF% ( table 2 ). Multiple linear regression analysis was performed: the results indicated that all mentioned parameters were independent of each other both in the CHF patients and marathoners with AH.
Discussion
The main findings of this study are the following: (1) the circulating b2M and TIMP1 levels are higher in CHF patients than in veteran athletes and sedentary CTL; (2) in CHF patients, b2M correlates with NT-proBNP and GFR values and is associated with the severity of the disease, as higher values were found in patients of higher NYHA class, and (3) b2M and TIMP1 are strongly correlated, independent of GFR values, both in CHF patients and in marathoners with physiological remodeling (veteran athletes), but not in sedentary CTL.
A cardiorenal impairment, without primitive renal disease, has been found in more than 60% of all patients hospitalized for CHF, and the pathophysiological cardiorenal connection is currently recognized: the deterioration of renal function is proportional to the severity of heart failure [2] . Moreover, b2M is known to correlate with GFR impairment in renal dysfunction [19] . The increase of b2M in CHF patients, in addition to its association with the severity of heart disease and renal impairment, suggests a new role for b2M as biomarker of heart failure progression and prognosis. Our data demonstrate that b2M levels simultaneously follow the development of renal and cardiac failure, and this evidence is in agreement with the fact that b2M correlates with the following indices of cardiac disease and failure: increased NT-proBNP and decreased EF%. On the other hand, in athletes with physiological heart remodeling and no evidence of renal or cardiac failure, the b2M levels were comparable to those of sedentary CTL. Interestingly, the multiple regression analysis showed a strong correlation between b2M and TIMP1, independent of GFR, both in CHF patients and veteran marathoners, but not in sedentary CTL. In summary, b2M and TIMP1 are linked together both in physiological and pathological remodeling; interestingly, even though echocardiographic parameters are indicative of high tissue remodeling both in marathoners with AH and in CHF patients, only CHF patients show elevated values of TIMP1 and b2M. From a pathophysiological point of view, this is one of the most interesting results of our research and could lead to a better understanding of the pathophysiological links between heart and renal remodeling and failure. Indeed, TIMP1 is now recognized as a biomarker of ongoing adverse cardiac remodeling [12] , as changes in the plasma levels of TIMP1 have been the focus of several large-scale cardiovascular outcome studies and have been associated with increased mortality [20, 21] . Moreover, elevated TIMP1 plasma levels have been associated with major cardiovascular risk factors: the presence of LV hypertrophy, of heart failure in pressure overload hypertrophy and of myocardial fibrosis and dysfunction [22] .
Little or nothing is known about TIMP1 in relation to cardiorenal failure progression. On the other hand, b2M is associated with kidney disease and a decreased GFR, while its relationship with cardiac diseases is still little investigated. Only in recent years has b2M been proposed as a marker of cardiovascular mortality risk in patients with carotid atherosclerosis or chronic renal disease. Moreover, in one proteome study, it has been identified as a causative risk biomarker for coronary heart disease in postmenopausal women [23] . Questions arise about the factors determining the strong bidirectional correlation between b2M and TIMP1 in heart remodeling. In our opinion, this tight link could be based on the role which these two proteins can play in high cell turnover processes through the regulation of apop- tosis, cell survival, growth, migration, differentiation, angiogenesis, fibrosis, inflammation and overall extracellular matrix remodeling. b2M is expressed by all nucleated cells. TIMP1 inhibits matrix degradation and is overexpressed in substitutive fibrosis. As a consequence, cardiac and renal cell dysfunction and death could determine an increase in b2M levels; while high concentrations of circulating TIMP1 could reflect an increased deposition of fibrosis, both in the myocardial interstitium and in renal tubulointerstitial tissue. Moreover, a decreased GFR, associated with a significant renal impairment, hinders the clearance of TIMP1 and b2M and thus further contributes to elevate their plasma concentrations, especially in the final stages of cardiorenal disease. Since the cardiorenal syndrome has been underrepresented in clinical studies [24] , there is still only little evidence available to guide clinicians in the optimal management and follow-up of patients with both conditions. Instead, when both heart and renal failure occur together, it is important to have biomarkers, just like b2M and TIMP1, able to risk-stratify patients by looking at both their cardiac and renal aspects. Of course, the clinical use of b2M and TIMP1 is not less important, in addition to BNP and other no vel biomarkers of cardiorenal remodeling and inflammation, such as GDF 15 [25] , in the differentiation between physiological and pathological cardiac remodeling. Finally, the results of our study might be tested for and extended to all cardiorenal syndrome subtypes. They may be of primary importance in providing a new clinical tool in early diagnosis and follow-up.
The current study has some limitations. Our observational research was carried out on a relative small sample of patients and veteran athletes with heart remodeling. In particular, none of our CHF patients exhibited symptoms of early NYHA class I. Additionally, there are limitations to echocardiography for an accurate assessment of LV mass and remodeling indices; however, magnetic resonance imaging was not possible for our subjects, although it would have provided a better estimate of these parameters. 
Conclusions and Clinical Perspectives
The design of the study arose from recent evidences stating the role of b2M not only as a biomarker of high tissue turnover and remodeling, inflammation and a decreased GFR, but also as an emerging new predictive marker of cardiovascular events and mortality. We studied b2M profiles in CHF patient of different NYHA classes and compared them with those of sedentary CTL and veteran athletes. For the first time, we showed that b2M plasma levels are increased in CHF and are associated with the severity of the disease. In addition, we highlighted the correlation between b2M and NT-proBNP in CHF and a new strong correlation between b2M and TIMP1 not only in CHF, but also after physiological remodeling (AH). Thus b2M, in addition to NT-proBNP and TIMP1, might provide diagnostic and prognostic complementary information about cardiorenal function and failure in physiological and pathological heart remodeling. Also, in patients with CHF and cardiorenal syndrome, b2M and TIMP1, in addition to NT-proBNP, could be a powerful combination of biomarkers for predicting morbidity and mortality.
